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ABSTRACT
The Tokamak Physics Experiment (TPX) was a steady-state, tokamak to be built at
the Princeton Plasma Physics Laboratory. It would have been the first tokamak in the
world with an entirely superconducting magnet system. The project was terminated by
the United States Congress in 1995. However, most of the TPX mission has been adopted
recently by the South Korean project KSTAR (Korean Superconducting Tokamak
Advanced Reactor) experiment at the Korean Basic Science Institue (KBSI). The
principal obstacle to an all-superconducting tokamak magnet system has been the
difficulty in detecting a quench and protecting the coil system in a high-noise, high-
voltage environment. TPX adopted a a redundant, high noise-rejection design that will
also be applicable to KSTAR.
The purpose of this memorandum is to summarize the information that leads us
to conclude that an internally cowound voltage sensor system alone should be adequate
to protect the Tokamak Physics Experiment (TPX) magnets, in the event of a quench.
Because of the importance of coil protection, the quench detection design philosophy for
TPX is to require independent quench detection systems, any one of which should be
adequate. This memorandum reviews the design requirements, the design, analysis
that shows compliance with the requirements, and test data that supports the analysis
models.
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Voltage Sensor Design
Internaily cowound voltage Sensors
1. Design Concept
Internally wound voltage sensors may be cabled in a variety of locations inside an
ICCS. In TPX and the US ITER Model Coil, the voltage sensors are cabled into the
center of the final stage of every cable, as illustrated in Figure 1.
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Figure 1 Internal sensor layout
Since every TF and PF coil has six final stages in the cable, there are exactly six voltage
sensors in every coil. In the TF coils, each sensor is in the middle of an 81 strand final
stage subcable and in the PF coils, each sensor is in the middle of a 60 strand final stage
subcable. Within each winding pack, the sensors are internally terminated at 1/6, 1/3,
1/2, 2/3, 5/6, and 1/1 of the distance through the winding pack. Therefore, there are
really twelve sensors covering each winding pack. Five of the seven sensors wires are
subdivided into two "right" and "left" side of the winding pack sensors, while the sixth
and seventh sensors traverse the entire length of the winding; the sixth from the "right-
hand" joint and the seventh from the "left-hand" joint. With this design, every section
of the winding pack is covered by exactly seven sensors. If one sensor is broken, certain
noise reduction techniques will no longer be possible, but there will still be 6 remaining
sensors that can detect a quench in that section. For simplicitiy of fabrication, the
seventh sensor (second "through-sensor" is in the middle of the cable, instead of being in
the center of a final stage. This is different from the sensor design shown in Rev.0 of
this memorandum', which had only six sensor wires, all in the final stage, and only
one through-sensor. The argument against the seventh sensor wire is that the central
location is theoretically inferior for noise rejection, as explained below, and the
additional cost. However, the redundancy level of the through-sensors is doubled, the
high-voltage cable, extraction connector, and vacuum feedthrough connector can now be
standardized for every joint and every coil, and the theoretical difference between
1 TPX No: 1314-950708-MIT-JSchultz-01, Joel Schultz et al, "Feasibility of the TPX voltage sensor quench
detection system, Rev.0", July 8, 1995
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sensors in two different positions gives more "information" about noise voltage
behaviour. The redundant termination pattern is shown in Figure 2. The seventh
sensor is not shown.
Superconducting Cable
. Voltage
Taps
Figure 2 Redundant termination scheme for internal voltage taps
The internal termination design is depicted in Figure 3. Before sheathing, the
glass-braid of each of five sensors is cut at lengths corresponding to 1/6, 1/3, 1/2, 2/3, and
5/6 of the winding-pack length respectively. After stripping off a section of glass braid,
the outer copper braid is brazed to the inner copper wire and to the copper braid from the
other half of the winding pack. This internal termination becomes the "virtual ground"
connection of the sensors measuring voltage to the right and left of the termination.
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Figure 3: Internal termination of voltage sensor
Two types of internal voltage sensors are being considered. In Option 1, shown in
Figure 3, the core conductor is a solid copper wire, insulated by an S-glass braid, and
covered by a copper braid in a stainless steel capillary tube. The steel tube is seam-
welded about the sensors and is in good, frequent mechanical contact with the copper
braid on the inside and the superconducting cable on the inside, so that the copper braid
"shares" voltage with the superconductor. In Option 2, the core conductor is also a solid
copper wire, but the insulation is MgO powder in a stainless steel can. In this case, the
cans are extruded and seamless. Option One has the advantages of being significantly
less expensive and not having length limitations. Option One has the disadvantage that
S-glass insulation is known to trap water vapor, which could conceivably cause
metallurgical problems such as SAGBO in Incoloy 908, during conductor heat
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treatment. Option Two is also a better established commercial product with more than
one vendor at shorter lengths. The tradeoff between the two options is discussed further
below.
Stainless Steel Cu Braid S-glass
Capillary Tube Braid Cu Wire
Figure 5 Internal voltage tap construction for Option 1 Sensor
L.A Sensor extraction from cable
The sensors follow the cable through the soldered lap joints with the same twist pitch as in the
body of the cable. The internal sensors in every cable go straight through the joint
regions.into a three chamber extraction region. Near the joint block the sensors are
terminated and brazed to twisted pair wires. The middle chamber has an injection port
for Stycast filler, an excellent sealant, as discussed below in the section on extraction
experiments. The third region makes the connection to a removal, commerical
instrumentation cable. Having three chambers with close-fitting feedthroughs for the
sensors provides a defense in depth against helium leaks. Terminating the voltage
sensors in the first chamber, instead of feeding them out to the panel connector pins also
plugs virtual leaks through the sensor cans themselves. The specification of formvar
coating could be reevaluated, if the peak sensor-sensor voltage were driven up by as yet
unspecified resistive voltages in the cable. So far, the highest voltage identified is
slightly < 70 V in the TF coil for a long-length initial quench zone dump, where all of the
high-field regions go normal at once. A two piece insulating boot is slipped over the
sensor extraction piece and the bottom conductor coming into the joint. The two pieces
cover both the extraction piece, the conductor and the joint; and have "orthogonal slits",
as has also been suggested for the helium stubs, in order to create a long tracking path
in a constricted space. (- 100 mm for 80 V/mm vs. 7.5 kV).
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Figure 7: Extraction of Quench Detection Sensors from TF Joint
The assembly procedure of the sensor extraction region is as follows:
1. Before Assembly
a. The insulating boot is assembled onto the adjacent conductor before it is soldered
into the lower splice block.
b. 6 twisted pairs of wire are inserted into the male and female halves of the stycast
filler chamber. The chamber halves are then soldered together.
2. The voltage tap wires are trimmed to a length of 2 in. where they exit the cable. The
fiber optic cable is trimmed to about two feet. The stainless steel jacket is trimmed
back to 2 in.
3. The fiber optic cable is threaded through the stycast chamber assembly. The
voltage tap wires are brazed to the twisted pairs. The outer braid is brazed to one
wire of the pair and the central conductor is brazed to the other.
4. The stycast chamber assembly is bolted to the end of the splice block.
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5. The panel connector and plug with tail piece of instrumentation cable is inserted in
the G-10 end cap. The panel connector is positioned at the bottom of the end cap.
Guide rods are inserted into the end of the panel connector mounting holes to
permit the panel connector to be withdrawn to its proper position at the appropriate
time.
6. The ends of the twisted pairs are passed thru HV potential guiding electrode
andbrazed to the wires of the instrumentation cable. The fiber optic cable is
threaded through the HV potential guiding electrode.
6a. The HV guiding electrode is positioned in place in the stycast chamber assembly.
7. The instrumentation cable and panel connector are withdrawn to their proper
positions in the end cap and fiberoptic wire is threaded thru hole in the cap. The
cap is positioned in place and pinned to the end of the stycast chamber assembly.
8. Electrical continuity checks are made.
9. The stycast chamber is filled with stycast. The end cap assembly is also filled with
stycast.
10. The insulating boot is positioned over the end of the splice block assembly and the
QD extraction assembly.
11. Alternate layers of Kapton and dry glass are wrapped over the insulating boot to
continue the insulation system of the splice block, the QD extraction assembly and
the conductor. The dry glass will be VPI'd with a custom fitted autoclave after
completing the assembly.
12. The Ground plane is continued over the new insulation with elctrical continuity to
the panel connector.
The instrumentation cable would either be commercial cable, such as that
provided by for the POLO coil or a special order cable with the same topology as
commercial cable. It would look like the cable cross-section in Figure 8, which shows 6
sensors, instead of 7. (The seventh could be in the center.) The high-voltage guard
prevents capacitive coupling to the main HV insulation. The redundant ground plane
allows handling without damage to the ground wrap.
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Figure 8: High-voltage instrumentation cable cross-section
The high-voltage vacuum feedthrough penetrates the floor of cryostat/tokamak
assembly. The vacuum seal is bolted tight from the atmosphere side. Long ceramic
pins prevent tracking to the connector. Field guiding electrodes prevent electric field
concentrations at the feedthrough and connector ends. The G-10 end cap is not air tight,
so the dielectric between the high-voltage and low-voltage electrodes is room
temperature air.
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Figure 9: High-voltage instrumentation cable vacuum/cryostat feedthrough
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I.BTF Conventional Extraction and Instrumentation (Option 1)
During an emergency magnet dump, the maximum magnitude of the voltage
with respect to ground of a TF coil is expected to be 3.75 kV, and in the worst case (single
ground fault) as large as 7.5 kV.2 This presents a problem both with the insulation of
the voltage taps as they pass through the cryostat wall and with the instrumentation to
measure each voltage. Extraction through the cryostat wall will require a high voltage
feedthrough that is cryogenically compatible and vacuum tight. There are previous
examples of such feedthroughs in the design of POLO, 3 and in the application of the
POLO design approach to ITER. The size of the necessary feedthroughs in this
approach may be a problem for TPX.
One such feedthrough would be needed for each set of voltage taps which are at
approximately the same potential. Thus, as shown in Fig. 10, voltage taps for the TF
magnets labeled N and N-1 could be extracted together.
SC Cable
TF Magnet TF Magnet
N CC I N+1
Voltage ,-Insulating Cover
Taps Half-size Polo
Feedthrough
Cryostat Wall
To Instrumentation
Figure 10 Conventional extraction from cryostat.
However, voltage taps from the opposite ends of either of these magnets could not be
extracted with these signals. Thus, due to the interleaved dumping scheme,4 18
feedthroughs would be needed for the TF magnets. Furthermore, the voltage taps from
each of these feedthroughs must also be isolated using a separate isolation cage, since
there could be thousands of volts potential difference between them. Fortunately, since
the worst case dump voltage is only 7.5 kV, there are a number of isolation amplifiers
and isolated power supplies that could be used.5 (It should be noted, however, that the
voltage at which components must be tested for qualification is controversial, because of
2Maximum single fault voltage during dump3G. Schenk, S. Forster, et. al., "High Voltage Insulation and Tests of Cryogenics Components for the
Superconducting Model Coil POLO"
4 Dumping scheme electrical set up reference.
5For example, isolation amplifier Burr Brown ISO 106 8kV transient, 4.9kV CW isolation, $35 in 100's. Isolated
power supply Burr Brown PWS 726A 8kV transient, 4.9 kV continuous, $41 in 100's.
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the following questions: 1) Is the IEEE standard of testing at 2 x operating voltage + 1 kV
applicable here? For example, the testing for POLO was done at less than operating
voltage, using the argument that a scaling factor of slightly larger than x 2 can be used
when using AC test to qualify DC behavior. 2) The 7.5 kV only occurs is there is a single
ground fault. This is not a normal operating condition. However, the coils are supposed
to be designed to continue operating in the case of a single ground fault, so is the fault
condition interpreted as being a "peak operating" voltage for testing purposes? These
questions will affect cost, especially of the isolation amplifiers, but are not directly
related to this inventory of parts.
* Feedthroughs 16 Magnets, 2 leafs = 18
* Isolation cages 18
PF Conventional Extraction and Instrumentation (Option 1)
The PF extraction and instrumentation is similar to the case for the TF. However, each
pair of PF coils share a "virtual" ground, allowing 3 feedthroughs to be used for each
pair of magnets for a total of 21. As in the case of the TF, each of these feedthroughs
would have to have an independent isolation cage.
* Feedthroughs 3*14/2= 21
* Isolation cages 21
The same feedthrough approach used on the voltage taps can be used for any sensors in
electrical contact with the conductor, or a sensor insulated from the conductor with an
insulation which cannot withstand 7.5 kV.
IV. Sensor Mechanical Integrity
Internal voltage sensors should be capable of the following:
A) It should be possible to manufacture the sensor in one continuous length, at least
equal to that of the longest cable in the magnet system. For the TPX design, this is 2.8
km in PF6. If a joint is added to PF6, it will be 1.4 km.
B) The sensor must be cabled or inserted in a cable along with the superconducting
strands.
C) When the cable is inserted in a conduit and the cable is compacted about the cable
and sensors, the sensors shouldn't be damaged.
D) The sensors must survive winding, along with the superconducting cable.
E) The sensors must survive heat treatment at temperatures up to 660 C.
F) Outgassing from the sensors shouldn't damage the superconductor or conduit.
In particular, trapped oxygen or water shouldn't cause SAGBO in Incoloy 908.
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G) The sensors must survive cooldown to 4 K.
H) The sensors must survive Lorentz loads.
I) The sensors must be extracted from the conductor without causing helium leaks.
J) The sensors should not break down electrically through their internal insulation.
W.A Length Limitations
The S-glass braid in a seam-welded can has no length limitations. MgO powder
extrusions are limited in length. The Aerovac ARi sensor used in the US-DPC coil is
limited to 150 m at a diameter of 1.0 mm. The Bochvar Institute in Moscow made a
budgetary estimate of $3-$5/m up to 20 km for a 0.78 mm sensor with a copper core, MgO
insulation, and a 304L can. The sensor is supposed to have a resistance of 40 D/km at 4
K and 0 T. Vacuumschmelze made a quotation of $5/m for sensor wire up to 1.5 km with
a nickel core, MgO insulation, and an Inconel 600 or 316 stainless jacket. The sensor is
supposed to have a resistance of 80 01m. One-and-a-half kilometers would be less than
the length of the PF6 or PF7 winding packs and would necessitate joints. A decision to
use joints in those coils may be made anyway, in which case it would not be a penalty.
IV.B Cabling
Two types of voltage sensor have been cabled without damage in the QUELL
dummy coil, and the QUELL coil. One type had a copper core, S2-glass braid insulation,
and a copper-braided sheath. The second had a copper core, MgO powder insulation,
and a steel sheath.
Both types of voltage sensor were then inserted into a titanium conduit and
compacted. Only the MgO sensor was completely intact after extraction of the sensor
from the conduit, because the glass-braided conductor was bent on a 1-2 mm radius then
pulled. This was a failure in monitoring industry by JAERI. The other end of the
sensor is intact, and it remains to be determined whether the sensor can still be used as
an internally-terminated voltage tap.
MgO insulated voltage sensors have been cabled into the Livermore PTF samples
in the positions selected for the TPX reference design (center of the final stage).
MgO insulated voltage sensors and formvar copper sensors have been cabled into
the Livermore Copper Noise Rejection sensors. The NRE cable is a full-sized 360 strand
TPX PF dummy cable.
IV.C Conduit Insertion and Compaction
MgO insulated voltage sensors and glass-braid x copper-braid sensors were
inserted in the QUELL conductor, fabricated by Showa. The conduit was made of a
titanium alloy. The insertion-compaction process was somewhat more severe than it
would be for TPX, because the conduit is round, rather than square or rectangular.
However, it was more severe, because all of the sensors were on the surface of the cable
in the "valleys", and therefore directly exposed to conduit compaction or welding; while
the TPX sensors will be in the center of the final stage subcable.
The NRE coil only has a foil sheet about the cable, in order to avoid possible
distortion of the cable.
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W.D Winding
MgO insulated voltage sensors and glass braid/copper braid sensors were wound
into the QUELL dummy coil and into the QUELL superconducting coil by Hitachi. The
coils were 120-133 m long. The inner turn winding radius was 25 cm, while the
crossover minimum radius was about 20 cm.
MgO insulated voltage sensors and formvar insulated copper sensors were wound
into the copper NRE conductor by New England Electric Wire and Cable. The winding
radius was ?, while the cable length was 46 M6 . The cable itself has a diameter of 21.2
mm.
W.E Heat treatment, sensor survival
MgO insulated voltage sensors and glass braid/copper braid sensors have
survived heat treatment of the QUELL superconductor - a bronze method Nb3Sn in a
titanium alloy conduit.
V.F Heat treatment, compatibility with SAGBO
There are two options for insulating the internal voltage sensor. The more
desirable is an S-glass braid in a seam-welded tube, because it is very inexpensive and
has no limitations on length. Because of recent experiments at the Florida National
High Field Magnet Laboratory with water vapor outgassing from S-glass insulation
causing SAGBO in in Incoloy 908, concerns have been raised about the use of any glass
insulation in the conductor. These concerns are greatly alleviated by the fact that the
insulation is inside a steel can and the amount of glass is much less than that in the
Florida experiment. It should also be pointed out that a postmortem of the Florida
dummy coil indicated that prebaking the glass is alone adequate to prevent SAGBO, but
this is not a primary line of defense for us.
An experiment was done to show that the presence of glass in the sensor
insulation wouldn't cause SAGBO. The experiment was designed to be orders of
magnitude more severe than the actual design case. A 4" long section of Incoloy 908
tube, 19 mm o.d. and 17 mm i.d., was selected for the SAGBO cracking experiment. The
Incoloy tube was from a stock that was produced by seam welding, and according to
Mike Steeves this tube already had enough plastic strain for it to be prone to SAGBO
cracking. However, in order to further strain the tube, the circular cross section of the
tube was compressed to an oval cross section with major and minor dimensions of 21
and 15 mm respectively. Four 4" long pieces of a (Cu braid)-(s-glass)-Cu voltage sensor
was placed inside the compressed tube. The assembly was then placed inside a quartz
tube for evacuation and heat treatment. The quartz tube was evacuated to 3x10-5 torr.
While still connected to the vacuum pump, the sample assembly was heat treated at 675
K for 4 hours and then at 795 K for 50 hours. After heat treatment the tube showed no
visible signs of cracking. The heat treated tube was further compressed to a flatter oval
of 8 mm minor dimension. Straining after heat treatment was more than 50% in the
edges of the flattened tube and did not produce any cracking.
613-941110-LLNL-MChaplin-01, M. Chaplin, "Noise-rejection experiment description," Nov 10, 1994
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The real cable is chrome-coated and the partial pressure of oxygen above chrome
from room temperature to 700 C is negigible. No oxygen getter was used inside the
quartz tube, and no particular attempts, other than degreasing, were made to clean the
tube before the heat treatment. The vacuum pump was one of the least powerful units in
the laboratory and the pressure inside the quartz tube never reached values lower than
30e-6 torrs. It should be pointed out that copper is itself a potential bad actor in terms of
outgassing oxygen and that that the copper braid did not fully block outgassing from the
S-glass.
W.G Cooldown
Similar cowound voltage sensors have survived cooldown and operation in US-
DPC, POLO, and the IGC 3.5:1 27 strand ramp-rate experiment.
W.H Lorentz loading
The peak Lorentz load on the tube carrying fibers would be IxB/A times a contact
multiplication factor. The peak nominal load is 33.5 kA x 8.4 T/22.35 mm = 12.6 MPa.
Ignoring contact stress multipliers, this is the equivalent of an external pressure of 12.6
MPa on a cyindrical vessel with a diameter of 1.0 mm and a thickness of 0.125 mm,
giving a membrane stress of 50.4 MPa. This is less than a tenth of the yield strength of
the steel can.
W.I Leak-free sensor extraction
Two mockups of a prototypical joint and sensor extraction/He interception design
were made at M.I.T., as shown in Figure 7. The internal sensors, three copper braided
coax wires and two CrNi coax wires, were first threaded through the holes of the
unassembled parts as shown on the top part of Fig.7. The assembly was then fit together
and the soldering was performed in the areas shown in the bottom of the Fig. 13. At this
point enough DGEBA based epoxy (by Epon Inc.) was injected into the helium
interception area to fill the volume and allow some excess to extrude at the ends. It is
noted that the tolerance between each of the internal sensors and their holes was about
0.1 mm on the diameter. This relatively tight tolerance was chosen so that we could
attain complete filling of the helium interception area. One of the mockups had some cut
up wires placed in the helium interception area to reduce the possibility of cracking of
the epoxy during the cool down. The mockup samples were coupled to a high pressure
line and tested for leaks. Both samples showed extensive leaking at 4.2 K. These samples
were cut through a midplane, along their length, in a way that three of the five internal
sensor holes with their sensors were exposed for optical examination. Both samples
showed excellent filling in the helium interception areas and in between the sensors
and the inside surface of their holes. Close inspection of the sensor in the hole areas
revealed that the leak path was through the copper and/or s-glass braids. We also noted
that the epoxy volume in the helium interception area of the sample without cut up
wires (epoxy reinforcement) showed some radial cracks, but the reinforced sample
looked sound.
To remedy the helium leakage problem, two new steps were taken in the
fabrication of a third sample; 1) Stycast epoxy was selected in place of the DGEBA epoxy,
primarily because of its superior temperatuer COE match to stainless steel, and 2)
formvar coated Cu wires were passed through the helium interception area, instead of
the braided sensors. Step 2 may not be necessary for ITER or TPX designs because all
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sensors would have a continuous metallic armor of some kind. However it might still be
a good idea to terminate the internal sensors before their extraction point and solder
twisted formvar coated Cu wires to them, then extract the formvar coated leads. In this
way, the design is assured against leaks through the armor. The improved sample
showed superior performance. After two liquid helium cooldown shocks it withstood a
minimum of 70 bars in supercritical helium without a detectable leak. No attempt was
made to quantify the performance of this sample for leak rates. The qualifying test was
to maintain 70 bars on the high pressure side, submerge the helium interception section
in liquid helium, and connect a secondary guard helium protection sleeve to a vacuum
line to observe the pressure on the vacuum side. The line was first evacuated down to 10
militorrs, the pump was then isolated from the secondary helium protection line for a
minute, then the sleeve was reopened to the vacuum pump and no change in the
pressure on the vacuum side was observed (steady at 10 militorrs).
The above experiment would qualify an extraction for the QUELL experiment,
since 70 bars is more than a magnitude larger than the steady state pressures of theQUELL sample and leak levels not detected by this experiment would not be a burden on
the vacuum system used for QUELL. Lvovsky has calculated that the highest quench
pressure in TPX is 90 bars. However, that is in the middle of a channel, not on the far
side of a solder, itself close to a 10 bar pressure relief valve. Testing to 70 bars over a
larger number of cooldown cycles should be an adequate acceptance test for TPX.
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IV.J Sensor Electrical Integrity
The MgO insulated conductor manufactured by ARi is rated at 500-600 V.
Copper-S-glass braid-copper braid sensor has been tested by Smith at MIT to a voltage of
600 V without signs of breakdown. 600 V was a power supply limit. The peak resistive
voltage in a long quench zone (5 m IQZ) has been calculated to be almost 6 V, as shown
in Fig. 10. If we postulate as a worst case, that all 12 pancakes in a TF coil quench
simultaneously, the peak voltage would be < 72 V. This is probably a worst case voltage
that could be seen through the sensor, although not all of the possible events have been
analysed.
VIL Signal/Noise
VII.1 The Copper NRE Experiment
LA. Sensor in the cable center
The noise due to field inhomogeneities is primarily due radial gradients in the
transverse field in a twist pitch. Martovetsky takes the diameter of the final stage as the
characteristic length over which the radial gradient should be integrated. Wang takes half a
cable diameter:
V =B stge 2dl =2296 Tx 0.0085 m =.0207
Wang's estimate of noise due to radial gradient of the transverse field is exactly half that of
Martovetsky.
The noise due to cable inhomogeneities is:
V= 1%LxJ§ r- i dl =A01 x 905.7 T- X 0.0085 m = 0.0061 (2)
z=1 Xas stLg f~x0 2
The cable inhomogeneity turn is probably the dominant reason that Martovetsky's
estimates of transverse field noise are lower than Wang's. Wang's method is numerical, but
for the special case of a solenoid with fixed radius in each turn, the difference between a
sensor in the cable center and one in the cable valley has an analytical solution7 :
Ntdbk 2 T 36 x (0.02 m)2  _(3)V= A '"'""dable =196-x =.42 s 2
Since finite curvature is only one possible source of cable inhomogeneity, Martovetksy's
guesstimate of 1 % cable inhomogeneity error is probably optimistic, as Martovetsky himself
states in his original memo.
1B Sensor in the cable valley
The noise due to field inhomogeneities is primarily due radial gradients in the
transverse field in a twist pitch. Martovetsky takes the diameter of the final stage as the
7 P.W. Wang, private communication
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characteristic length over which the radial gradient should be integrated. Wang follows a
filament trajectory in the cable valley and subtracts the voltage from the first triplet voltage.
The noise due to field inhomogeneities is:
L . 2(4)
V =i 2dl = 2296 T x 0.0085 m =.0207
2fJ0  "rlast stagedl29 - x L2 )
The noise due to cable inhomogeneities is:
V=1% x B r d - 01 x 905.7 T-m x 0.01m =0.0144 (5)
IC Sensor in the first triplet
The noise due to field inhomogeneities is primarily due radial gradients in the
transverse field in a twist pitch. Martovetsky takes the diameter of a single triplet as the
characteristic length over which the radial gradient should be integrated. Wang takes the
single triplet sensor as a reference with close to zero noise and references the other three
cases to this one. The noise due to field inhomogeneities is:
L = r, 2d1 =2296 x(0.0017 m 2 =.0.000829 (6)
The noise due to cable inhomogeneities is:
B % r dl - 001 x 905.7 T-m 0.0017 m =0.00122Vt= 1%x f ladtstage 2,X S 2.1
1D Sensor in the center of the final cabling stage
The noise due to field inhomogeneities is primarily due radial gradients in the
transverse field in a twist pitch. Martovetsky takes the diameter of the final stage as the
characteristic length over which the radial gradient should be integrated.
v- L~ . 2 (8)J= ritstg2dl -2296T x_.0085 m =.0207
The noise due to cable inhomogeneities is:
V=1% x ra,,, dl =-0 1 x 905.7 T-m 0.0085 m =0.0061 (9)2,x o zlattg 2ic S2
Case 2, Parallel Field
Parallel field noise is caused by uncompensated twists in the cable forming an
equivalent solenoid. A five-stage cable behaves like a five turn coil. The key parameters
needed for a hand check are shown in Tables XVIII and XIX.
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Table XVIII: Parameters needed for Case2Hand Checks
Parameter Units Value
0 (radians/s) 1438
Imax (A) 100
Idot (A/s) 143,800
nturns, parallel field coil 186
NIdot (MAT/s) 26.747
Lwinding (i) 46.1
Lstrand (i) 46.4
LBpar/NI (m-T/AT) 4.5239E-05
Table XIX: Subcable Dimensions, NRE Coil Under Test
Stage Ip (mm) Rsubcent (mm) Dsubc (mm) pi*rA2/lp (mm)
_ _ _ 25 0.46 1.7 0.02659044
11 50 0.95 3.8 0.05670575
I1 120 2.1 8.5 0.11545353
IV 300 5.1 20 0.27237608
Cable 1 10.6 1 0.4711258
LBpar/NI is the integral of the parallel flux density over the length of the NRE Coil Under Test
per unit ampere-turn in the parallel field coil (m-T/AT). I calculated this by applying
Ampere's Law: NI=5 x 106 RB to each turn in the NRE Coil Under Test and summing.
2A. Sensor in the cable center
The sensor in the cable center is considered to "link" no parallel field by Martovetsky.
Wang calculates the parallel due to the "spiral" of a cable through a solenoid field. In
Martovetsky's equation, the voltage induced in the four cable stages and thus on a sensor
with zero parallel voltage is:
2
V = 7 i b'"bk",'n d =26.75A x 4.524 x 10- T-m/s x0.471mm =0.570 Vn=1 lpn S A / s
(9)
The 0.471 mm is the sum of the four itRsubcenterflp terms shown in Table XIX.
2B Sensor in the cable valley
In this case, the sensor in the valley has an equivalent diameter equal to that of the
cable itself (20 mm) and a twist pitch approximately equa;to that of the final stage (300 mm).
The sensor will measure the difference between the voltage linked by the center wire and that
of the superconducting cable, calculated in Eq. 10.
2 2 (10)
I iesnbable,=
1 pcable
26.75 MAx 4.524 x 19- T -m/s x (0.471 7 x 1 0 2) mm =-0.697VS A/s 300
2C Sensor in the first triplet
Ostensibly, the sensor is following the exact same trajectory as the individual strand in
a triplet. If we assume a 1 % discrepancy due to differences in strand and sensor size or
trajectory, then:
=0.01 I I 1 1 =26.75 MA x 4.524 x 1 0 - 5 -rn/s x 0.00471mm =0.00570 V
2D Sensor in the center of the final cabling stage
In this case, the sensor only has a single pitch, equal to that of the final stage. The
sensor voltage is that of a wire going through the center of the final stage minus that of the
entire cable:
V = subcable, 
(12
0 n=1 lP,n
26.75 Ax 4.524 x 10-5 T -m /s x(0.00471 n 5.12) mm = 0.24 VA /s 300
Case 3, Self-field
The voltage caused by the self-field of an infinitely long cable has different scaling than
that due to the external field, because the vector potential has finite curl. Martovetsky uses
the following expressions for the voltage due to an infinitely long cable. In Case 3, the so-
called "self-field" experiment, the NRE Coil-Under-Test is charged and discharged, while no
current is run through the other two coils. There is also voltage on each turn from the
"external field" of the other 35 turns, although this is expected to be small in comparison
with the self-field. Conversely, the IR drop in the CUT will be very high with respect to the
self-field voltages, except at low currents, and will have to be subtracted out.
Table XX: Parameters needed for Case 3 Hand Checks
Parameter nits Value
_0 (radians/s) 1928.86
Imax A) 100
Idot A/s) 192,886
nturns, CUT 36
NIdot MAT/s) 6,943,896
Lwinding m) 46.1
Lstrand m) 46.4
IdotL/4 7 (V) .895
19
3
A. Sensor in the cable center
The sensor in the cable center links no self-field. In general, the voltage linked by any
strand with a cable minor radius r in a uniform current-density cable with a cable minor
radius R is given by:
V= JLr 2  (13)
4xR2
For the cable itself, the voltage is:
V = =jL _ iT 7 x 192,886 x 46.1m = 0.298 (14)
3B Sensor in the cable valley
In this case, the sensor in the valley has an equivalent diameter equal to that of the
cable itself (20 mm) and a encloses all of the current. The sensor voltage will equal the
difference between the self-field voltage at the surface and the cable voltage:
V=(L -L = 2 x10 7 x 192,886 A x 46.1m =0.597 (15)
3C Sensor in the first triplet
Ostensibly, the sensor is following the exact same trajectory as the individual strand in
a triplet. If we assume a 1 % discrepancy due to differences in strand and sensor size or
trajectory, then:
V=0.01 x =- x 192,886 x 46.1 m = 0.00298 (16)
3D Sensor in the center of the final cabling stage
In this case, the sensor only has a single pitch, with a radius approximately half that
of the cable. The sensor voltage is that of a wire going through the center of the final stage
minus that of the entire cable:
V = -- = i12-7 x 192,886 x 46.1m =0.083 (17)
Case 2, parallel field is the easiest to calculate and had the best agreement. Although, it may
not be totally obvious by just looking at the numbers, in Wang's and Martovetsky's memo,
they are actually in total agreement. Table XXI shows the results of my calculations,
Wang's, and Martovetsky's:
Table XXI: Comparison of Parallel Field Noise Calculations
NIdot LBpardot >irAs/lp, equiv Vsensor V,NM memo PWW, memo, PWW,
ight hand Temo,
____ ___ __ _ ___ __ __  __ _ ___ _ _ ____ ___ _ __ ___ ___ eft hand
Parallel Field (MAT/s) m-T/s) (m) (V) V V) hV
1: Wire in 26.747 121C 0.0004711 0.57003 0.5 -0.5879 0.5879
center
11. Wire in 26.747 1210 -0.0005761 -0.697076 0.696 0.7199 -0.7187
valley
Ill. Wire in 26.747 1210 4.711E-06 0.005700 0.005 0 0
triplet
IV. Wire in las 26.74 1211 0.00019871 0.2404861 0.2 -0.261 0.261
_stage 111
A comparison of Schultz's self-field calcluations with Martovetsky's is shown in Table
XXII:
Self-field
1: Wire in
center
11. Wire in
valley
111. Wire in
triplet
IV. Wire in
last stage
Idot, CUT
(A/s)
Table XXII:
ildotL/4pi Atten factor
192886 0.89499104
192886 0.89499104
192886 0.89499104
192886 0.88920446
0.333
0.67
Vsensor
(V)
0.29833
0.59666
0.00333 0.002983
0.08333 0.07410
V,NM memo
(V)
0.296
0.887
0.003
0.074
Martovetsky is in agreement that a term was missing in his spreadsheet's calculation of the
parallel field noise for the wire in the valley. Otherwise, the predicted voltages are in
agreement.
The trickiest voltage to predict is that due to transverse fields, since they arise only
through inhomogeneity in the field or in the cable. A comparison of the voltages predicted in
this memo with those by Martovetsky and Wang is shown in Tables XXIII-XXV:
Table XXIII: Voltages due to Transverse Field Inhomogeneity
Nidot Bdot-L (dBdot/dr)-L dBdot/dr)- V V,NM
I L-reqA2 memo
Transvers (A/s) (T-m/s) (T/s) (T-m/s) (V)
e Field I
1: Wire in 9781324.8 905.7311 2295.67693 0.16586 0.02073 0.0169
center
11. Wire 9781324.8 905.7311 2295.67693 0.16586 0.020732 0.106
in valley
Ill. Wire 9781324.8 905.7311 2295.67693 0.016586 0.00207
in triplet
IV. Wire 9781324.8 905.7311 2295.67693 0.16586 0.02073 0.0055
in last
stage
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Table XXIV: Voltages due to Cable Inhomogeneity
Bdot-L req * error Vsensor V,NM memo
Transverse (T-m/s) (m) (V) (V)
Field
1: Wire in 905.7311 0.00008 0.0061264 0.0055
center
11. Wire in 905.7311 0.0002 0.0144159 0.0137
valley
Ill. Wire in 905.7311 0.000017 0.0012259 0.00047
triplet
IV. Wire in 905.7311 0.00008 0.0061264 0.0055
last stage I
Table XXV: Total Voltage due to Transverse Field, Case 1
Vtotal V,NM memo PWW, memo
Transverse Field (V) (V) (V)
1: Wire in center 0.026499 0.0224 0.26338
11. Wire in valley 0.035148 0.1197 0.05196
Ill. Wire in triplet 0.0032986 0.00047 0
IV. Wire in last stage 0.026499 0.011 0.20632
Interpretation:
1) Wang's numerical method gives identical results for parallel field voltages as
Martovetsky's, when correctly interpreted.
2) Only Martovetsky's method makes predictions about self-field voltages at present. (Chen's
method should make the most accurate predictions of self-field voltages, in principle,
although she might have difficulty decomposing an exact solution into three artificial
components.)
3) Wang's method predicts order of magnitude higher noise voltages for transverse field
inhomogeneities than Martovetsky's. The dominant term is a much higher term due to cable
inhomogeneity. Calculations of noise due to field inhomogeneities in Wang's analysis would
be exactly half Martovetsky's, if identical equivalent radii were selected.
4) Based only on past experience, I predict that measured voltage noises will be higher than
predicted.
VII.B.iii Results of the Copper NRE Experiment
The copper NRE experiment was run at Livermore in July, 1995. The experiment and
its results were described by Chaplin 8 and further interpreted by Schultz9 . These
results and their interpretations are shown below.
8 TPX Memo No: 1314-950808-LLNL-MChaplin-01, M. Chaplin, Results from the LLNL Noise-Rejection
Experiment," August 8, 1995
9 TPX Memo No: 1314-950813-MIT-JSchultz-01, J.H. Schultz, "Accuracy of NRE Voltage Predictions," August
13,1995
The first task is simply to compare the raw predicted voltages with the measured
voltages, without attempting to explain the causes of the discrepancies. The only adjustment
made is that none of the shots had exactly the same dI/dt's assumed by Martovetsky, Wang,
and Schultz, so we scale according to the peak meaured dI/dt, as follows:
Table XXVI: Noise Voltage Scaling factors: Experiment/Predictions
Experiment Assumed dl/dt, peak Actual dI/dt, peak Scale Factor
2-coil Transverse 50944  53900 0.945
Parallel field 143800 264600 0.5435
Self-field 192866 1176000 1.164
All measured voltages are multiplied by the scale factors, before being compared with the
predicted voltages. This gives the following results:
Table XXVII: Comparison of Parallel Field Noise Calculations with Experiment
V,NM PWW, Measured Measured/ Measured/P Absolute
memo memo, Scaled redicted Error
left hand
Parallel Field (V) (V) (V) (V) (V)
1: Wire in 0.57 0.5879 1.86 1.01 1.77 0.44
center
11. Wire in -0.696 -0.7187 -0.422 -0.229 0.329 0.47
valley -0.412 -0.224 0.321 0.38
Ill. Wire in 0.005 0 0.0255 0.0139 2.78 0.0089
triplet
IV. Wire in lasi 0.24 0.2614 0.482 0.262 1.09 0.022
stage
Measured/predicted is the ratio of the scaled measurements to
voltages. Wang's method is negligibly different.
Self-fie
1: Wire
Martovetksy's predicted
Table XXVIII: Comparison of Self-field voltage Calculations with Experiment
V,JHSmemo V,NM memo Measured Measured/ Measured/Pr Absolute
Scaled edicted Error
ld (V) (V) (V) (V) (V)in 0.29833 0.296 1.5 0.246 0.825 0.0523
center
11. Wire in
valley
IlIl. Wire in
triplet
IV. Wire in
last stage
0.59666
0.002983
0.07410
0.887
0.003
0.074
2.6
1.3
0.9
3.6
0.4
0.426
0.148
0.59
0.066
0.714
49.6
198
0.892
0.171
0.145
0.587
0.008
Measured/predicted is the ratio of the scaled measurements to Schultz's predicted voltages.
Three out of four of Schultz's and Martovetsky's prediction are nearly identical. The
discrepancy in the wire in the valley numbers is due to a meaningless algebra error in
Martovetsky's memo.
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Table XXIX: Comparison of Calculated Transverse Fields Calculations with Experiment
Vtotal V,NM memo PWW, Measured Measured/
memo Scaled
Transverse Field _ (V) (V) (V) (V) (V)
1: Wire in center 0.026499 0.0224 0.2634 0.117 0.1106
11. Wire in valley 0.035148 0.1197 0.0520 0.0068 0.00643
_ _0.0112 0.01059
l1l. Wire in triplet 0.0032986 0.00047 0 0.0014 0.0013
0.00558
IV. Wire in last stage 0.026499 0.011 0.2063 0.0045 0.00425
Measured/ Measured/ JHS Measured/PWW
NM Prediction Prediction Prediction
Transverse Field
I: Wire in center 4.94 4.17 0.42
II. Wire in valley 0.0537 0.183 0.124
0.0885 0.301 0.204
Ill. Wire in triplet 2.77 0.394 NA
11.9 1.69
IV. Wire in last stage 0.39 0.16 0.021
Another obvious adjustment in scaling results is that the measured twist pitches of the
final cable were tighter than what was used for the predictions. If we recalculate the parallel
field losses with the new twist pitches we get the following:
Table XXX: Adjustment in twist pitch effect on parallel field voltage
Stage Assumed Lp (mm) Actual Lp (mm) pi*rA2/lp (mm)
1 25 23 0.02890265
11 50 41 0.06915335
Ill 1M 85 0.16299322
IV 300 160 0.51070516
Cable 1 300? 0.77175438
Table XXXI: Comparison of Parallel Field Noise Calculations with Experiment
V,NM V, NM Measured Measured/ easured/P Absolute
memo new Ip's Scaled redicted Error
Parallel Field (V) V (V) (V) (V)
1: Wire in 0.57 0.934 1.86 1.01 1.08 0.44
center
11. Wire in -0.696 -0.4899 -0.422 -0.229 0.467 0.47
valley -0.412 -0.224 0.457 0.38
Ill. Wire in 0.005 0.009 0.0255 0.0139 1.54 0.0089
triplet
IV. Wire in las 0.24 0.316 0.482 0.262 0.829 0.022
stage I
With the exception of the wire in the last stage, all five numbers improved
(measured/predicted is closer to 1.0), and even e wire-in-the-last-stage case is very close to
1.0. However, note that I fudged the twist pitch for the sensor in the valley, which is
unreported. If I used 160 mm, the answer would get worse, not better.
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Interpretation:
1) Calculating the self-fields and parallel fields is easier than calculating transverse fields.
2) With the anomalous exception of the wire-in-triplet case, the prediction of self-field voltages
was extraordinary. Measured/predicted ranged only from 0.714 to 0.892.
3) Parallel field noise voltage predictions were off by factors ranging from 0.321-2.78. The
twist pitches in the calculations were longer than those measured after the experiment.
After adjusting for the actual twist pitches, the range decreased from 0.457-1.54. However,
the calculation for the case of the sensor in the cable valleys was done without knowing the
valley twist pitch.
4) With the exception of the all-important wire-in-last-stage case, Wang's transverse field
calculations were more accurate than Martovetsky's. The same is true for Schultz's
calculations, but this isn't so meaningful, because Schultz was essentially using
Martovetsky's method, while Wang was using only a single field error term with no free
parameters, while Martovetsky used two terms and two free parameters. Since
Martovetsky's prediction is more accurate than Schultz's and far more accurate than
Wang's for the wire in the last stage, it's hard to draw conclusions from the numbers alone.
5) Since we have established that TPX will stay within allowables for both the TF and PF with
signal/noise ratios of 10:1, this first indication that we can predict the voltage to within a
factor of 4 is good news. If we can diagnose the cause of the discrepancies, the next set of
predictions should be even more accurate.
6) I was wrong in predicting that the voltages would be higher than predicted. Although
unscientific to treat these tables as an unweighted survey, I note that of the 28 values of
measured/predicted listed, 10 are greater than 1 and 17 are less than 1, with 1 undecided.
VII C The Superconducting NIE Experiment
The superconducting NIE was based upon the following premises and ground rules:
" The sample cable, = 6 m in length, would comprise four twisted subcables of 75 strands
each, harvested from an existing 60 m length cabled in a 3 x 5 x 5 sequence.
" A total of ten voltage tap sensors would be incorporated into the sample cable, in three
different positions within the cross section: one inside each of the four sub-cables; one in
each of the "valleys" at the o.d. of the finished four-bundle cable; and two along the
centroid of the cable. In addition, two fiber optic temperature sensors are included in the
sample as well. They will be located with two voltage sensors along the cable centroid.
" The two sensors that lie along the cable centroid will have no deliberate twist; the other
eight sensors will share the same = 0.3 m helical pitch of the last cabling stage.
" There are three types of voltage tap "sensors" under consideration, Cr-Ni/ceramic
powder/Cr-Ni, Cu/glass braid/Cu braid, and Cu/glass braid/copper braid/s.s., with the
last one in the list being used as a "reference" in the design. However, the procurement
lead time for this sensor apparently is too long for us to include it as a choice for the
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superconducting NIE sample. Hence, we will limit the types to be incorporated into the
sample to the former two.
" However, it is still possible and prudent to protect the Cu-based sensor from damage by
enclosing it in a fine bore stainless steel tube (available in-house); for while the copper
braid has desirable electrical properties, it is not very rugged mechanically, as
demonstrated by the Japanese mishandling of the QUELL copper-braid sensor. Moreover,
if so protected, its behavior during construction of the sample would more closely
resemble the expected behavior of the favored Cu/braid/SS sensor that may eventually
become the baseline choice.
* Initial computer simulations have raised the hope that parasitic inductive "noise" signals
in an actual magnet winding invironment can be more effectively compensated by
applying various difference/averaging techniques to internally-terminated sensors. To
generate data that can help calibrate computer simulations, we will terminate each
sensor at one of several different locations along the length, L, of the sample: L/3, L/2,2L/3, and at L.
" Two other termination alternatives may warrant further discussion: 1) a selected sensor
with CICC penetrations at both ends of the sample, with one or more core-to-sheath shorts
along the length; 2) a selected sensor with no internal terminations, and with CICC
penetrations at both ends of the sample.
" A Hall probe will be mounted somewhere (t.b.d.) on the sample.
" The sample CICC will have its cable ends terminated in a manner suitable for connecting
to a transport current source. Current thinking is that for this experiment, there is no
need to make the CICC pressure tight for supercritical helium. The superconductor can
be quenched by the background field, even with modest transport current.
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Figure 36 shows a schematic diagram of the sample CICC cross section, with letter
designations assigned to each of the ten voltage sensors. The two smaller entities in the
central region are cans containing optical fibers.
H
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Figure 36: Sensor layout in superconducting NIE cable
Figure 37 depicts the proposed internal termination scheme.
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Figure 37: Internal termination diagram, superconducting NIE
The first set of experiments are done without a conduit. A heater wire surrounds the middle
of the coil.
The dimensions of the superconducting NIE sample are shown in Table XXXII:
27
Table XXXII: NIE Sample Dimensions
Parameter Units
nstrands
Cabling pattern
Lp (mm/in)
Dstrand (mm)
Deable (mm)
Length, cable (m)
Eff. length, trans field (m)
Wang modeled the pulsed fields and field gradients for the dB/dt and
Wang's model is shown below:
Value
300
3x5x5x4
457/18
0.737
19
6.08
5.17
dI/dt experiments.
NIE Sample Under Test: Coil Model, Bitter magnet model not shown
The predicted parameters for the NIE sample for the dB/dt experiment are shown in
Table XXXIII:
Table XXXIII: Predicted Pulsed Parameters
Parameter Units Value
dBO (T/s) 1
dt
O!dt 1 dl) / L
L dB
dt I
(T-m/s)
(T/s)
(T-m/s)
4.57543
-4.41078e-2
0.268
-12.6833
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dtYd dB44d (T-/s)
These parameters have also been calculated separately for the sensors that are
internally terminated, as shown in Table XXXIV:
Table XXXIV: Predicted Parameters for Internally-Terminated Sensors
Location LdB LdaB4( dB
fd dld dt dtdl L
(T-m/s) (T/s) (T/s)
1/3 1.61098 -3.66073 -6.70244e-2
1/2 2.57698 -4.97378 -6.30569e-2
2/3 3.52441 -6.39851 -6.08239e-2
1 4.57543 -12.6833 -4.41078e-2
Wang predicted the voltage signals from the dB/dt ramps as follows, n
at the center of the magnet 0 .
Table XXXV: Predicted voltqo7pF4 from dR/dt rnmsn
ormalized to 1 T/s
Hale predicted the voltage signals from the dB/dt ramps as follows, normalized to 1 T/s
at the center of the magnet.
Location/Voltage Center-Sheath Valley-Sheath Last stage-
(pV) 78.1 33
Schultz predicted the voltage signals from the dB/dt ramps as
T/s at the center of the magnet:
Table XXXVI: Normalized Predicted Voltages from
Location/Voltage Center-Sheath Valley-Sheath
Transverse
Parallel
Total
(RV)
-216
65
(RV)
-87
-121
Sheath
33
follows, normalized to 1
dB/dt ramps
Last stage-
Sheath
(RV)
-87
22.1
10 Private communication, P.W. Wang, August 17, 1995
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Location Center Last stage- Valley- Cable-Center Valley-Cable
Center Center
1/3
Transverse -5.90478e-2 -2.17183e-4 -5.999e-4 -3.4115e-4 -259
Parallel 0 -1.70691e-5 -6.82764e-5 -6.82764e-5 0
Total
1/2
Transverse -9.48916e-2 -1.9576e-4 -8.735e-4 -3.075e-4 -566
Parallel -2.40881e-5 -9.63524e-5 -2.40881e-5
Total
2/3
Transverse -1.30011e-1 -1.9863e-4 -1.087e-3 -3.12e-4 -775
Parallel -3.09801e-5 -1.239204e-4 -3.09801e-5
Total
1
Transverse -1.68037e-1 -4.1571e-4 -1.639e-3 -6.53e-4
Parallel -3.36989e-5 -1.34795e-4 -3.36989e-5
Total
The measured dI/dt voltages are compared with the predicted dI/dt voltages:
Table XXXVII: Comparison of Predicted and Measured dI/dt voltages
Center- Valley- Last stage-
Sheath Sheath Sheath
(pV) (RV) (RV)
Measured 36.5 36 8.5
Predicted 132 264 24.8
Schultz
Predicted/ 3.62 7.33 2.92
Measured
Although the predicted/measured voltages are within a factor of 10, they still
differ by an order of magnitude, while they were within 25 % of each other for the Copper
NRE experiment. Wang, Hale, Smith, and Schultz spent an hour double-checking the
numbers on August 18, without finding any errors. If the difference is physical, the
first theory is that the supercurrents are effective in shielding dl/dt voltage.
The measured dB/dt voltages are compared with the predicted voltage:
Table XXXVIII: Comparison of measured and predicted dB/dt voltages
Center-Sheath Valley-Sheath Last stage-
Sheath
(RV) (RV) (RV)
Measured 200 80 47.5
Predicted, 103 103 4.8
Hale
Predicted,
Schultz
Transverse
Parallel
Total
Measured/
Predicted
216
65.4
281.4 or 150.6
0.71 or 1.33
87
18.6
105.6 or 68.4
0.758 or 1.17
87
22.1
109 or 64.9
0.44 or 0.73
Unfortunately, half of us are right-handed and half left-handed and none terribly bright,
so we weren't able to figure out on August 18 whether the predicted transverse and
parallel field voltage components were of the same or different polarities. Amazingly,
the agreement is quite good, whichever turns out to be the case. For example, Schultz's
predictions for the Copper NRE experiment ranged from 4 times larger to 6 times
smaller, while here the range is only 1.3 larger to 2 times smaller, even including three
spurious predictions.
Interpretation of Experiment
The predictions of voltages for both the copper NRE and superconducting NIE
experiments were consistently within a factor of 10 of the subsequently measured
voltages.
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Trends or fudge factors suggested by the copper NRE experiment were not
duplicated in the superconducting NIE experiments. In particular, the numerical
calculation of transverese voltage for the NIE experiment agreed with measurements
more accurately than it did for the NRE experiment, while the analytical calculation of
dl/dt voltages was much more accurate for the NRE experiment.
The basic principle of high order noise cancellation, using internal sensors was
demonstrated by both experiments.
The effectiveness of internal termination in further reducing the noise level has
not yet been analysed, because of the time constraints, but may be analysed before the
September 20 oral presentation.
The possibility that discrepancies are caused by supercurrents will be investigated
on August 21, when the NIE experiment is repeated at room temperature.
VII. Conclusions
Something is known about every aspect of the feasibility of reliable quench
detection using internally wound voltage sensors.
The internal voltage sensors have demonstrated the ability to survive cabling, heat
treatment, winding, and extraction in the QUELL experiment.
Simulation shows that the required 10:1 signal/noise voltage will be achieved in
less than a second and in less than the time corresponding to allowable hot spot
temperatures, burst pressures, and fatigue stresses.
An extraction method has been demontrated to have high resistance to helium
leakage after more than one cooldown.
One experiment has indicated compatibility of the S-glass braided voltage sensor
with the Incoloy 908 heat treatment.
Simulations have been validated by experiment to within a factor of 3-4 for
transverse and parallel field, and 3-7 for self-field, which is less than the modelling
uncertainty implied by the specification of a 10:1 signal/noise ratio. In most cases,
measured noise has been less than predicted.
Simulation and experiment confirm that placing the voltage sensors in the center
of the cable final stage is a feasible method of fabrication, and an excellent noise
rejection position for the sensors.
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Appendix A. Analytical Solutions to Noise Pickup Voltage
(excerpted from Martovetsky and Chaplin, "Normal Zone Detection in Tokamak Superconducting
Magnets with Co-Wound Voltage Sensors," and Martovetsky, "Quench detection in TPX and ITER
Magnets")
Many proposals call for a signal wire cowound with the CICC. The exact location
and arrangement of the wire varies in different proposals, but all agree that it should be
insulated from the CICC. The reason for that, of course, is that the non insulated wire
will bring an unpredictable signal, and in general will not necessarily see the signal
from the normal zone. In this memo, we will discuss different arrangements of this
signal wire.
Analytical approximations exist for many of the voltage noise signals that would be
induced in cowound voltage sensors, as function of their position within the cable.
These have been worked out in detail for the tokamak magnet case by Martovetskyll.
For purposes of comparing different cowinding topolologies, we assume that a signal
wire is cowound with the conductor and connected electrically to one terminal, and that
the signal wire goes along the whole length of the conductor in a winding pack. In the
actual TPX design, most sensors will be internally terminated, allowing differencing
techniques that should provide 1-2 orders of magnitude of further noise rejection.
Voltage is measured between the other end of the signal wire and the other terminal as
shown in Fig. Al.
coil signal wire
V
Fig. Al. Schematic of the normal zone detection
We assume that this signal wire is co-wound with the conductor and connected to the
one terminal electrically, and that the insulated signal wire goes along the whole length
of the conductor between the joints. The voltage is measured between the other end of the
signal wire and the second terminal as shown in Fig. 2.
In a tokamak CICC, we must distinguish 3 relatively independent sources of the
inductive signal.
1) Transversal component, 4,, of the external varying magnetic field.
2) Longitudinal component of the magnetic external field, B,,.
3) Self field of the CICC, i.
11 N. Martovetsky, "Quench detection in TPX and ITER Magnets," TPX 1314-940504-LLNL-NMartovetsky-01,
May 4, 1994
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We will not consider mechanical issues; like motion of the conductors, motion of
strands, or unequal and dynamic current redistribution inside the cable. In numerical
estimates we will use the TPX magnet parameters.
II. ANALYSIS
The expected noise voltage signals are calculated from five different cabling
positions of the cowound signal wire:
I. Geometrical center of the CICC.
II. Placed outside the cable (but inside the conduit) in "valleys" of the last stage
cabling and therefore twisted with the last stage cable.
III. Signal wire outside the sheath, not twisted around the conductor.
IV. Placed in the first stage of cabling and therefore twisted with the same
cabling pattern as all other strands.
V. Placed in the center of the last stage subcable and therefore has the same
twist pitch as the last cabling stage.
We will aim for the goal of detecting a 250 mV resistive zone over a 1 km cable.
In a CICC, there should be 3 relatively independent sources of the inductive signal.
1) Transverse component of the external varying magnetic field,
referred to here as Bt.
2) Longitudinal component of the magnetic external field, Bp.3) Self field of the CICC, due to its own dI/dt, Bself.
4) Conceivably, it is also possible to develop "linear generator"
signals through motion of the conductors or strands through the magnetic
field.
I. Signal Wire In the Center
1) i Effect
The purpose of twisting the strands in a cable is to achieve cancellation of induced
fluxes from external fields. In an ideal cabling pattern, in which each loop is
symmetric about a center line and the external field is uniform everywhere, and there
are an even number of loops, there would be no voltage induced in the cable or sensor.
Induced voltage signals will be caused by variations in the twist pitch and
inhomogeneity of the transverse magnetic field. Let us make a very rough estimate of
the signal which we might expect due to variation of the twist pitch. If the projected
trajectory of a sensor is assumed to be sinusoidal about a center line, then the positive
r dLflux equivalent area is: S, = -LL - , where ra is an average distance of the strandIr 4 i
from the center line, L length of the conductor, d- diameter of the cable (or width if
rectangular cross section. If we assume that ra equals to d/4, the expected induced
signal is:
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For d = 0.02 m, Lwp=1 km, and Btdotmax = 10 T/s, and for a 99 % cancellation (1 %
imbalance), the induced voltage would be 160 mV. Since a typical spec would call for
10 % accuracy in the twist pitch before insertion and the field is nonuniform over the
length of a cable, this number is optimistic.
2. B,, Longitudinal Field effect on signal wire in the center
Longitudinal field is less of a problem for PF coils, but the TF coils experience large
parallel field pulses, at startup and during a plasma disruption. The TPX TF cabling
pattern is 3x3x3x3x6, and the length of the conductor for TF coil is about 1000 m.
Each strand goes into the 5 cabling stages. Each of the five stages generates an
electromotive force of:
(A2)
V = B
per unit length (V/m). Here ri is the radius of the subcable of the stage i (m) and lp is a
twist pitch (m). The twist pitch specifications for the different stages of the TF cable are
respectively 40 mm, 80 mm, 160 mm, 240 mm and 360 mm respectively.
Table Al shows assumptions and values of the voltage generated by different stages of
cabling for TPX TF conductor.
Table AI
PARALLEL-FIELD INDUCED VOLTAGES IN THE CABLE
Assume dBpar/dt= 1 T/s
Stage Strands jp, mm m V at 1 kn) %
0 1 10 0.39 0.024 8.7
1 3 40 0.46 0.008 3.0
2 9 80 0.80 0.013 4.6
3 27 160 1.20 0.014 5.1
4 81 240 2.10 0.029 10.5
5 486 360 6.55 0.187 68.1
Total T_ _ 0.275 100.0
It is seen that the influence of the last stage is dominant. The signal wire in the center
is not picking up any inductive signal from the parallel pulsed field.The local parallel
field dB/dt in the TF coil is 7.32T/s at start up and 22.3 T/s at disruption 12 [4]). The
12 A.L. Radovinsky, "Max. Field & Time Derivatives in the TPX TF Coils during Plasma Startup & Plasma Disruption, an
Update," TPX Doc.# 13-940725-MIT-ARadovinsky-01, PPPL, July, 1994
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average parallel field over the winding pack is not yet known, but may well be higher
than 1 T/.s
There is also an inductive signal generated in an individual strand which depends on
the transport current (Martovetsky, 1985, Journal of Technical Physics):
v= 2(1 )L= 1 3.14*(0.4e-3)2 1000 = I.(2 5 (M)V2l, I, 2*10e-3 I,
The sign of this voltage is the same polarity as that of the 5-stage parallel field voltage,
tabulated above, if the screening currents in the outer layers have the same direction as
the transport current. In the case of the TPX TF coil, this effect would cause a second-
order increase in the noise voltage.
3) 1; Self Field effect on signal wire in the center
There is a self-field voltage due to current ramping of the cable containing the voltage
sensor. Strands in the cross section occupy every position from 0 to the maximum
radius, but the contour between the central signal wire and the strand picks up a net
inductive signal. We can assume that the average strand is approximately at a radius
of r/2 (half width of the cable) along its whole length. Using the following relationship
per unit length of the cable:
R/2 gr (A4)
V=lf Bdr; B,= jr 1 =--2 7rr
We obtain:
V =Pir2 L(M
4CR 2
At 10kA/s and r/R=1/2, the induced voltage is about 0.25 V. As a worst case, PF1
changes current in 0.08 s from 8.67kA to 5.29 kA, or 42 kA/s, which would give a voltage
of 1.0 V. The initiation current changes in other CS coils are in the same range13 . Herej is the current density (A/m 2 ) , r is the mean radius (m), and Bs is the self field.
When the signal wire is located in the center, all three sources of the uncompensated
voltage can exceed a simple voltage threshold limit of 250 mV. We have not yet
examined the signal-noise improvements that are achievable by using advanced signal
processing techniques. An obvoius filter would be to integrate voltage over the previous
second. Influence matrices can also be constructed in order to actively cancel the effect
of each coil and of the plasma. Since the plasma is capable of uncontrolled disruptions,it is the obvious bad actor in an active noise cancellation scheme.
13 P.W. Wang, "12 V Startup with a Maximum Field Null at the Breakdown for TPX," TPX Doc.# 14-940627-MIT-PWang-01,
PPPL, June, 1994
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II Signal Wire in the "Valleys' of the Cable
1. i transverse field effect on signal wire in the cable valleys
In the case of a signal wire in the valleys of the cable, there is a loop between any
strand and the signal wire resulting from the fact that the strand takes a position in the
cross section anywhere from the center to the periphery, while the signal wire is always
somewhere at the periphery of the cable. Assuming that every strand has the same
induced voltage, it should not matter which particular strand we choose for
consideration of the voltage in a strand in the subcable of the last stage. As in the
previous case with the signal wire in the center, we don't expect any induced signal if
the field is homogeneous and the cabling pattern is perfect. Otherwise, if the field is
inhomogeneous and the cabling is not perfect, there will be an induced voltage as in the
first case of a sensor in the center of the cable. In the case of a sensor in the valleys, the
voltage will be proportional not to the diameter of the final cable but to the diameter of the
last stage subcable. Using the same assumptions as before, the anticipated induced
voltage because of the cabling imperfections and inhomogeneous magnetic field will be:
V= B= 7 e - 3 *0. 6 e 3 * 0 .0 1 * 6 .4= 0.0 2 V (A6)
47r 4
2. B, longitudinal field effect on signal wire in the cable valleys
If a signal wire follows the last stage cabling pattern, it picks up the signal:
B g2 (A7)V - ' =0.98V
/P
where in this case r is the distance of the signal wire from the center (assume 10 mm for
TPX conductor). Since the reference voltage is that of the superconducting cable itself,
this voltage will be subtracted from the other reference to give 0.9-0.98=-0.08 V. The sign
means that the sensed voltage is opposite to the voltage induced by the longitudinal
varying field. The conclusion is that from the standpoint of noise from a longitudinal
field, the location of the signal wire in the cable-valleys is better for the TPX conductor
than a signal wire in the center. This conclusion is not necessarily true for every cable,irrespective of the size and number of stages.
3) i Self Field effect on signal wire in the cable valleys
The signal wire and any of the strands pick up a differential signal, as explained in
the previous section. At a dI/dt of 10 kA/s:
V =;-I-2L - L=0.75V (8
41rR2 4 XR2
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The reason that the voltage is higher in the case of a sensor in the middle of the cable is
that here, the signal wire and an arbitrary strand create an annulus at the periphery of
the cable, where the self field is the strongest.
III. Signal Wire Outside the Sheath
1. Transverse Field effect on signal wire outside the sheath
This effect should be worse than in the two previous cases, because here we have a
net uncancelled flux. When the sensor is inside the cable with the same center as the
conductor, voltages can only arise because of inhomogeneous field or imperfections in
the twist. If we assume that an average distance d (m) between the signal wire and a
strand, then the voltage is:
V = S B = dL B=le - 2* 0.6e3* 6.4 = 38.4V
This signal is too high to allow any reasonable detection of the normal zone, without
further signal processing or subdivision of the winding pack.
2. Longitudinal Field effect on a signal wire outside the sheath
A signal wire outside the conductor will have the same longitudinal voltage as one in
the central hole, because it does not pick up any induced voltage from the parallel field,
while all of the strands do.
3. Self Field effect on signal wire outside the sheath
The self field signal in this case is close to the above considered case of a signal wire on
the outside the cable; but somewhat worse, because the signal wire is farther from the
center of the conductor by the thickness of the conduit.
IV. Sensor in the First Stage of Cabling and Twisted with the Same Cabling Pattern as
All Other Strands
1. Transverse Field effect on signal wire in first cabling stage
In this case, there is no net induced field between the strands and signal wire. An
uncompensated signal in this case is still possible because of the irregular twist and
inhomogeneous field, but the basic width of the loop, the radius of the first triplet, is
much smaller than the cable-in-conduit. Therefore, the reduction of the induced signal
in comparison with the case of a sensor in the center would be at least a factor of
Dstrand/Dcable. There would be further improvement, because the scale of the twist
pitch of the first triplet is much smaller than that of the whole cable, making it harder to
have field gradients with characteristic lengths smaller than the twist pitch. Using the
same assumptions as before, the induced voltage from this source can be as high as:
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dL 0.8e - 3*0.6e3 *6.4*0.01 = 2.5e-3V (A10)
47r 4r
This is 64 times smaller than the 160 mV predicted for a sensor in the center.
2. Parallel Field effect on signal wire in first cabling stage
A chang in parallel field will generate the same voltage in the sensor as in any of the
strands, so it is the best configuration for compensation of this component of the induced
voltage. The only component that is not canceled is the voltage due to the twist of the
strand itself. This could be eliminated by using an insulated superconducting strand as
the sensor. If this is impractical, as is is usually the case, the longitudinal field is about
25 mV per kilometer, as calculated above, for the sensor in the center and a 1 T/s
longitudinal field.
3. Self Field effect on signal wire in first cabling stage
A signal wire in the first stage of cabling cancels this component as well, to first
order.
As a conclusion of the above made analysis, the best position for a sensor in terms
of minimizing signal/noise will be cabling it into a first-stage triplet. If including the
signal wire in the first stage of the cable is impractical, then placing the signal wire in
the center or in the last stage of the cable is much better than placing it outside the
sheath. A signal wire in the center might be acceptable for the PF coils, where there is
not much parallel field, but high dI/dt; while a signal wire in the valleys may be better
for the TF systems, where there is high parallel field, but low dI/dt. A compromise
position that may have most of the signal/noise benefits of the first triplet without the
negative impact on cabling difficulty or energy margin would be to place the sensor in
the center of the final stage subcable.
V. Sensor in the center of the last stage subcable
1. Transverse field effect on signal wire in the center of the last stage subcable
In this case, the dominant effect is assumed to be that due to change in a uniform field:
V-B 5%7.6e -3*O.6e3(A)
V = -- B,* 5%= 7* 6.4* 0.05 =0.1V (All)
Here d=7.6 mm is the diameter of the last stage subcable as opposed to the diameter of
the whole cable, taking into account the void fraction after compaction.
2) Bl Longitudinal Field Effect on signal wire in the center of the last stage
subcable
This comes from the Table Al as a difference between what strand picks up and what
last stage contributes:
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N- 1i 2 (A12)
V =- hparll 7
and it should be approximately 30% (70% compensation) of what it is in the case when
the signal wire is not twisted at all
3) I; Self Field Effect on signal wire in the center of the last stage subcable
The voltage picked up by the signal wire, running in the center of the last stage subcable
is:
= u _(A 
13 )
" 16;r
The basic assumption is that the signal wire is sitting at r=1/2R radius.
The voltage picked up by the strand is:
(A14)
""' 12;r
(Note: this is a revised equation, based on more accurate assumptions than previously
and more careful integration):The basic assumption is that the strand is sitting at any
radius within in the cable from 0 to R with the same likelihood, which leads to the
assumption that on the longest twist pitch the radius changes linearly with the length
along the conductor axis.
Therefore the difference between them is or 4 times better than the signal wire48ir
sitting in the center of the cable, which does not pick up any noise from this source, but
doesn't compensate what the strand picks up.
Summary Table for Baseline Design
Using this approach and assumptions on the diameter of the cable, cabling pattern,
and length of the conductor and averaged dB/dt and dI/dt, we can compare the level of
the noise we may expect from a co-wound signal wire in different locations. Results of
the analysis are given in Table A-II.
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Table A-Il
SUMMARY OF THE ANALYSES OF THE NOISE IN THE CO-WOUND SIGNAL WIRES AT DIFFERENT
LOCATIONS
Location* Noise from Noise from Noise from Comments
i =6.4T/s; i,, =1T/s; V I=104 A/s; V
V
Geometrical center 0.3 0.28 0.25 Easiest to cable
of the CICC in
In "valleys" of last 0.3 1.1 0.75 Difficult to
stage cabling and control
twisted with the last location; but
stage cable. done for
QUELL, NRE
Outside the sheath, 38.4 0.28 1.2 Easiest to
not twisted around install, inspect,
conductor. etc.
In the first cabling 0.0125 0.024 0.02 Difficult to
stage, twisted with cable;
same cabling pattern deleterious
as all other strands effect on
stability
In the center of the 0.1 0.08 0.08 Easy to cable
last stage subcable, in
same twist pitch as
last cabling stage
*see text for explanation of he locations
Fabricability is not governing, since all of the candidate locations can be cabled, with the
possible exceptin of placement in the first triplet for some sensors.
Even though a signal wire embedded in the cable at the triplet stage shows the
best flux cancellation, this location has some drawbacks. Incorporation of the signal
wire in early stages of the cabling process is not desirable, resulting in handling many
relatively short subcables, which increases the cost of the cabling. Also, replacement of
one of the regular strands with the signal wires looks intrusive and might affect
conductor stability.
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